Genome-wide RNA profiling studies have identified hundreds of transcripts that are highly expressed in mammalian male germ cells, including many that are undetectable in somatic control tissues. Among them, genes important for spermatogenesis are significantly enriched. Information about mRNAs and their cognate proteins facilitates the identification of novel conserved target genes for functional studies in the mouse. By inspecting genome-wide RNA profiling data, we manually selected 81 genes for which RNA is detected almost exclusively in the human male germline and, in most cases, in rodent testicular germ cells. We observed corresponding mRNA/protein patterns in 43 cases using immunohistochemical data from the Human Protein Atlas and large-scale human protein profiling data obtained via mass spectroscopy. Protein network information enabled us to establish an interaction map of 38 proteins that points to potentially important testicular roles for some of them. We further characterized six candidate genes at the protein level in the mouse. We conclude that conserved genes induced in testis tend to show similar mRNA/ protein expression patterns across species. Specifically, our results suggest roles during embryogenesis and adult spermatogenesis for Foxr1 and Sox30 and during spermiogenesis and fertility for Fam71b, 1700019N19Rik, Hmgb4, and Zfp597.
INTRODUCTION
Meiosis and gametogenesis is a highly conserved developmental pathway critical for sexually reproducing organisms. Genetics, molecular biology, and functional genomics experiments carried out with yeast, worm, and mouse model organisms have yielded information about the roles that conserved protein-coding genes play during meiotic development in males and females [1] [2] [3] [4] [5] [6] .
It is noteworthy that more genes encoded by mammalian genomes appear to be expressed in gonads than in most somatic tissues, including many loci that seem to exert their roles exclusively in the germline [7] [8] [9] [10] . RNA profiling analyses of human samples have recently been complemented by high-throughput protein profiling studies of human embryonic samples and adult tissues based on mass spectrometry (www.humanproteomemap.org) [11] and large-scale protein localization assays using immunohistochemistry (IHC) and immunofluorescence (IF) (Human Protein Atlas [HPA] ; www.proteinatlas.org) [12] . Data on the patterns of mRNA and protein detection are completed by a plethora of epigenetic marks associated with the regulation of gene expression, including the activation mark histone H3 lysine 4 trimethylation (H3K4me3), which have been identified in epigenomics experiments using chromatin immunoprecipitation and DNA sequencing (ChIP-Seq) [13] [14] [15] .
While functional genomics-that is, the large-scale analysis of gene function by deleting genes or via RNA interference-is feasible in simple organisms, it remains a challenge in mammals, where high-throughput functional data are typically obtained in cultured cell lines [16] . Therefore, genome-wide RNA expression studies using microarrays, RNA sequencing (RNA-Seq), and protein profiling experiments based on mass spectrometry have been employed to associate genes with biological processes during various developmental stages in distinct tissues and organs [17] [18] [19] . Moreover, protein network data obtained with assays detecting direct binding (yeast twohybrid system) or indirect interactions (coimmunoprecipitation) help identify genes relevant for growth, development, and disease [20] [21] [22] . Such genomics experiments set the stage for further molecular and cell biological work to determine the roles of individual loci.
Budding yeast was the first organism for which genomics yielded a comprehensive picture of gene function during growth and development [23] . The mouse field is now entering this phase by establishing the International Mouse Phenotyping Consortium (IMPC), which aims to create knockout strains for all known mouse genes over the course of several years [24] . The experimental approach is to first inactivate a target gene in all cells and then, whenever it is necessary, to delete it in specific tissues using the Cre recombinase (Cre-Lox system) [25, 26] . The production of transgenic mice is followed by an array of phenotypic assays that broadly cover a wide range of anatomical, morphological, and physiological features, including male and female fertility [27] . However, elaborate mechanistic studies and detailed analyses of more or less subtle effects or unexpected phenotypes will have to be carried out by members of the respective fields.
In the present study, we integrate data on DNA, RNA, proteins, and interaction networks to identify novel proteincoding genes likely to be important for male germline development and fertility. In addition, we find that an epigenetic activation mark and peak concentrations of mRNAs in germ cells correspond to the presence of their cognate proteins in mouse and human testicular sections in the cases of six selected target genes. Our data facilitate efforts to gain insight regarding the genetics of male gamete formation and gamete function and therefore may help find molecular causes for certain cases of unexplained male infertility in humans [28] .
MATERIALS AND METHODS

Ethics Statement
Regarding human samples, the local ethics committee approved the experimental protocol ''Study of Normal and Pathological Human Spermatogenesis'' (registration PFS09-015) at the French Biomedicine Agency; informed consent was obtained from all donors. Studies involving animals, including housing and care, method of euthanasia, and experimental protocols, were conducted in accordance with the recommendations of the French Accreditation of Laboratory Animal Care. We note that current French legislation (regulation 2013-118, article R.214-89) stipulates that euthanizing laboratory animals for the sole purpose of investigating their tissues does not require prior authorization by an ethics committee. The French Ministry of Agriculture licensed the animal facility (agreement C35-238-19). Animals were killed using CO 2 , whereby all efforts were made to minimize their suffering.
Microarray Expression Data and Protein Network Data Processing
Publically available protein network data and expression data obtained with Affymetrix GeneChips for human (U133 Plus 2.0), mouse (Mouse Genome 430 2.0), and rat (Rat Genome 230 2.0) samples were processed and visualized as previously described [7, 8] .
ChIP-Seq Data Production
Testes from a 3-mo-old C57Bl/6JRj mouse (Janvier Labs) were decapsulated and fixed for 10 min in 1% formaldehyde (Sigma-Aldrich). To prepare cell nuclei, the fixed tissue was homogenized, filtered through a 40-lm Falcon Cell Strainer (Fisher Scientific), and washed twice for 5 min in 13 PBS and once each in 0.25% Triton X-100, 10 mM ethylenediaminetetra-acetic acid (EDTA), 0.5 mM ethyleneglycoltetra-acetic acid (EGTA), and 10 mM Tris (pH 8) and in 0.2 M NaCl, 1 mM EDTA, 0.5 mM EGTA, and 10 mM Tris (pH 8). Nuclei were lysed in 1.5 ml of lysis buffer (1% SDS, 10 mM EDTA, and 50 mM Tris [pH 8]) and Complete Protein Inhibitor Cocktail (Roche). The chromatin was sheared to fragments of approximately 500 bp by six rounds of sonication (10 sec on, 30 sec off) using a Branson Sonifier (Diagenode) set at medium strength. The sample was diluted and dialyzed for 4 h against chromatin immunoprecipitation buffer (0.01% SDS, 1.1% Triton X-100, 1.2 mM EDTA, 16.7 mM Tris [pH 8], and 167 mM NaCl). As the input control, 1/ 2000 of the chromatin sample was kept. The remaining material was incubated with an anti-H3K4me3 antibody (Millipore) overnight at 48C with 50 ll of Dynabeads (Invitrogen). Beads were washed consecutively five times for 5 min each in three buffers-1) 20 mM Tris (pH 8), 150 mM NaCl, 2 mM EDTA, 0.1% SDS, and 1% Triton X-100; 2) 20 mM Tris (pH 8), 500 mM NaCl, 0.25 M LiCl, 1% IGEPAL CA-630 (Sigma-Aldrich), and 1 mM EDTA, and 3) 10 mM Tris (pH 8), 1% deoxycholic acid, 2 mM EDTA, 0.1% SDS, and 1% Triton X-100-and twice for 5 min each in 10 mM Tris (pH 8) and 1 mM EDTA. The chromatin was eluted in 1% SDS and 0.1 M NaHCO 3 (pH 9) at 658C, and cross-linking was reversed by incubation at 658C for 5 h. Proteins were removed from DNA for 1 h at 458C using 40 lg of Proteinase K (New England Biolabs), and DNA was purified with a MinElute Reaction Cleanup Kit (Qiagen). The DNA concentration was measured with a Quantus Fluorometer (Promega) using the Quantiflor dsDNA system (Promega). The DNA sequencing library was prepared from 50 ng of immunoprecipitated material and input material using the Next Ultra DNA library Prep Kit for Illumina (New England Biolabs). Samples were run on a 2% agarose gel containing GelGreen stain (Gentaur), and 180-to 400-bp fragments were excised on a Dark Reader transilluminator (Clare Chemical Research). The HiSeq2000 System (Illumina) was used to perform RNA sequencing.
ChIP-Seq Data Processing
Tags from duplicate mouse testicular samples were sequenced. Next, reads at a length of 50 bases were aligned to the mouse genome (version mm9) using Bowtie 1.0.0 [29] . Only tags that passed the quality filter and mapped only once to the genome were included in the subsequent steps of analysis. Peaks corresponding to H3K4me3 marks were identified using MACS 2.0.10 [30] .
The complete data set will be published elsewhere (Hao and Smagulova, unpublished data).
RNA-Seq Expression Data Processing
We obtained RNA-Seq data (not DNA strand specific) generated with a HiSeq 2000 system (Illumina) and enriched testicular cells purified from wildtype mice (F1 of a cross between DBA/2NCrlVr females and 129S2/ SvPasCrlVr males) [31] . For each cell type, DNA sequence reads were mapped to the mouse genome (version mm9) using TopHat 2.0 set at default parameters [32] . Reads were assembled, and differential expression analysis was performed using Cufflinks [33] . For each transcript, normalized values for fragments per kilobase per million reads were extracted. To identify transcripts specifically induced in round spermatids and elongated spermatids, we first selected the cases for which we obtained values greater than the 20th quantile of all values in at least one condition, and then we filtered transcripts showing more than a 3-fold change between two conditions. Finally, we employed a statistical test implemented in the R package limma with the false-discovery rate set at less than 5% [34] . RNA-Seq data were visualized using the Integrated Genomics Viewer (version 2.3.32) [35] and scripts written in R (www. R-project.org/) [36] .
HPA Data Integration
To validate RNA profiles, the HPA (proteinatlas.org) [12] was used as previously described [7] . Briefly, data from IHC assays for normal tissues were retrieved from www.proteinatlas.org/about/download (version 12.0). To integrate IHC and GeneChip data, Ensembl gene identifiers provided by the HPA were first converted into National Center for Biotechnology Information Entrez Gene identifiers and then U133 Plus 2.0 probe set identifiers using Annotation, Mapping, Expression and Network (AMEN) [37] . To combine GeneChip data across species, probe sets for mouse and rat transcripts were linked to the corresponding human probe sets via HomoloGene identifiers as previously published [8, 38] .
Human Proteome Data Visualization
We uploaded 81 gene names to the online database of the Human Proteome Map project (www.humanproteomemap.org) [11] and retrieved a graphical display of available protein detection patterns across the sample set. The output was edited using Illustrator 15.0.0 (Adobe).
Isolation of Embryonic and Cellular Samples and RT-PCR
GC1 (ATTC-CRL-2053) and GC2 (ATTC-CRL-2196) cells were cultured in Dulbecco Modified Eagle Medium (DMEM, Invitrogen) supplemented with 10% fetal bovine serum (FBS, Invitrogen). Cell were grown at 378C in 5% CO 2 . Fetal tissues were disrupted in RLT Plus buffer (Qiagen) using the Tissue Lyser II (Qiagen). Total RNAs were isolated using the RNeasy Mini Kit (Qiagen) according to the manufacturer's instructions. Reverse transcription was performed with the High-Capacity RNA-to-cDNA Kit (Life Technologies) using 125 ng of total RNA in a total volume of 20 ll. The samples were incubated for 1 h at 378C and 5 min at 958C to inactivate the enzyme. The primer pairs used are shown in Table 1 . PCR was performed using HotStarTaq Plus DNA Polymerase (Qiagen) with 2 ll of cDNA in a total volume of 15 ll. The amplification conditions were 958C for 5 min, followed by 35 cycles of 948C for 1 min, 588C for 1 min, and 728C for 1 min, with a final extension at 728C for 10 min. The amplified PCR fragments were loaded on 2% agarose gels. The O'GeneRuler 1 kb DNA ladder (Fermentas) was used as a molecular weight marker.
Protein Detection by IF
C57Bl6/6JRj mice were provided by Janvier Labs and used to isolate adult testes, ovaries, uterus, brain, kidney, liver, muscle, and mouse embryos (at Embryonic Day [E] 12.5). Samples were dissected in 13 PBS, fixed in 4% paraformaldehyde at 48C, washed with 13 PBS, dehydrated in graded ethanol (from 70% to 100%), embedded in paraffin, and cut into sections (thickness, 5 lm). Sections were deparaffinized using the aliphatic hydrocarbon-based reagent Ottix Plus (MM France Microm) and rehydrated in 100% ethanol, 95% ethanol, and distilled water for 5 min each. Antigen retrieval was performed in antigen-unmasking solution (Vector Laboratories) for 20 min at 908C. Specimens were saturated in blocking buffer (13 PBS, 5% normal serum, and 0.3% Triton X-100) for Invitrogen]) diluted at 1:500 in 13 REAL Antibody Diluent (Dako). After three washing steps in 13 PBS, Vectashield containing 1.5 lg/ml of 4 0 ,6-diamidino-2-phenylindole (DAPI; Vector Laboratories) was added, and the slides were mounted in Eukitt (Labnord). Ultraviolet (UV) microscopy was done with an AxioImager microscope equipped with an AxioCam MRc5 camera and AxioVision software (version 4.8.2; Zeiss).
Meiotic Chromosome Spreads
Samples were processed as previously described [39] . Briefly, adult male seminiferous tubules isolated were macerated in 13 PBS. The cells were released from the tubules by pipetting and filtered through a 40-lm Falcon cell strainer (Fisher Scientific). The cells were pelleted, washed with 13 PBS, resuspended in 0.5% NaCl, and allowed to adhere on glass slides for 15 min. The slides were fixed in 2% paraformaldehyde with 0.03% SDS for 3 min and 2% paraformaldehyde for 3 min. The slides were washed three times in 0.4% Photo-Flo 200 (Kodak) for 1 min and then air-dried at room temperature. The slides were incubated with blocking solution (1% donkey serum, 0.3% BSA, and 0.005% X-100 in 13 PBS) for 20 min at 378C in a humidity chamber. Primary antibodies against HMGB4 and SCP3 (SC-74569, Santa Cruz Biotechnology) were diluted 1:100 in blocking buffer and incubated under the same conditions for 1 h. Slides were washed twice for 5 minutes each time in 0.4% Photo-Flo in 13 PBS solution, treated with blocking solution for 5 min, and incubated with an fluorescein isothiocyanateconjugated anti-mouse secondary antibody (Invitrogen) and Alexa 594-conjugated anti-rabbit secondary antibody (Invitrogen) at a dilution of 1:100 for 20 min at room temperature. Finally, slides were washed twice with 0.4% Photo-Flo in 13 PBS, rinsed twice with 0.4% Photo-Flo, and allowed to air-dry. UV microscopy was done with an AxioImager microscope (Zeiss).
Protein Detection by IHC
The sections were incubated overnight at 48C with the goat polyclonal anti-FAM71B antibody (SC-246744; Santa Cruz Biotechnology) used at 1:500 in 13 PBS, 0.1% (v/v) Tween-20, and 2% BSA (PBST-BSA). After several washing steps in 13 PBS, sections were incubated for 1 h with a biotinylated rabbit anti-goat antibody (DakoFrance) at 1:500 in 13 PBST-BSA. Samples were subsequently washed in 13 PBS and incubated for 30 min with a streptavidin-peroxidase complex (Dako) at 1:500 in 13 PBS. Immunostaining was revealed with a diaminobenzidine solution (Sigma-Aldrich). Finally, sections were counterstained with hematoxylin and mounted in Eukitt. Slides were examined using an AxioImager microscope (Zeiss).
RESULTS
Candidate Genes Show Conserved Patterns of mRNA Induction in the Male Germline
In earlier work, we identified human transcripts predominantly or specifically expressed in testicular cells [7] . From these transcripts, we manually selected 81 typically poorly characterized target genes for further analysis. The major selection criteria included that the mRNA profiles were 1) specifically expressed in testis or preferentially expressed in testis (see [7, 8] ) and 2) the mRNA expression profiles were confirmed at the protein level in at least one species (mouse or human). For 53 genes, microarray expression data from mouse or rat (or both) reiterated the patterns found in human, whereas Fam81b and Ddi1 yielded different patterns across species ( Fig. 1 ) [8] . We next complemented our GeneChip data by integrating a published RNA-Seq data set covering enriched mouse testicular cells [31] ; RNA-Seq experiments yield data on expression levels and transcript architecture [40] . As expected, for 66 mouse orthologs of 81 human target genes, we found peak expression in spermatocytes and spermatids (Fig. 2) . Mouse RNA-Seq data rectify the results obtained with GeneChips in the cases of Ddi1, Fbxo39, Mll10, Tmco5, and Tssk4, which are indeed induced in spermatids, and they confirm that Asxl3 is not detectable using high-throughput methods in the male rodent germline. We conclude that highthroughput RNA profiling experiments using GeneChips or RNA-Seq yield reproducible patterns across methods and species in the majority of the cases.
Messenger RNA Expression Profiles Are Confirmed by Protein Detection Patterns in Male Germ Cells
We next used published protein profiling data from a recent mass spectrometry study of fetal tissues, adult organs, and cultured cell lines to validate our RNA data at the protein level [11] . Interpretable information was retrieved for 62 human proteins, including 41 (66%) that were found in testis (albeit not always exclusively) and 21 (34%) that were detected in tissues other than adult male gonads (Fig. 3) . We then compared these results with the output of the HPA's high-throughput IHC assays. Such large-scale approaches inevitably include false-positive and false-negative signals; however, this was not a major issue here because we used HPA data to identify totally or partially corresponding mRNA/protein patterns in the male germline [12] . For the majority of 81 target proteins currently covered by the database, we indeed found staining patterns annotated as testicular cells within seminiferous ducts, indicating that these genes are likely transcribed and translated predominantly (if not specifically) in the male germline (Fig. 4) . In the cases of 30 genes, we observed overlapping signals, whereby the proteins are detected not only in testis but in more than three somatic tissues as well. For SLC6A16, TSGA13, C2orf77, C4orf17, and C10orf82, no testicular signal is reported by the HPA. We thus observed similar patterns of peak expression for mRNA and their cognate proteins in the majority of the cases analyzed. Cross-species RNA profiling using GeneChips. Expression data are shown for human, mouse, and rat. Each column corresponds to a sample and each row to a probe set; some transcripts are covered by multiple probe sets that do not necessarily yield similar patterns. Columns showing human, mouse, and rat data are marked at the top. Gene symbols are given to the right. Human sample names are given at the bottom for prepubertal biopsies from patients with high, intermediate, and low risk for infertility (HIR, IIR, and LIR, respectively) and from adult patients with seven different Johnson Scores (JS) as indicated and 45 nontesticular controls as well as duplicate chondrocyte (CC), vascular smooth muscle (VSM), spermatocytes (SC), spermatogonia (SG), seminiferous tubules (TU), and total testis (TT). Mouse and rat duplicate samples are Sertoli cells (SE), spermatogonia (SG), spermatocytes (SC), spermatids (ST), and total testis (TT). Human gene symbols are shown at the right for each probe set. A color scale for log2-transformed data is given.
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Protein Network Interactions Identify Hub Proteins Potentially Important for Spermatogenesis
To collect further evidence revealing testicular proteins potentially important for male fertility, we interpreted protein network data and found that 38 of our targets bind other proteins (Fig. 5 ) (see Supplemental Data S1 for annotation and expression data associated with their interactors; Supplemental Data are available online at www.biolreprod.org). We identified one principal connected component (within which all proteins are linked) containing 27 of our target proteins. This includes seven cases that are potential hub proteins (having more than 10 interactors): ASB9, DMRTB1, MLLT10, PDCL2, RNF168, SOX30, and ZNF165. Furthermore, we found that seven proteins-HMGB4, C2orf57, C6orf201, PASD1, PDZD9, SPA-TA7, and SUN5-interact with APP (amyloid beta protein precursor), a regulator of neuronal development associated with spermatogenesis [41] (for review, see [42] ). The network also contains 11 smallest isolated connected components-C2orf73, CCDC36, CXorf48, HSPB9, KIAA1683, STK31, TEX28, TEX36, ZNF576, ZCCHC13, and ZNHIT2-that bind up to six interactors. Note that the latter 11 components appear not to be linked to the principal component. The results concerning hub proteins underline that network interactions, which are available for nearly half of the 81 target proteins, point to promising 
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candidates for further study (see Discussion for RNF168 and DMRTB1/DMRT6).
mRNA/Protein Profiles of Selected Human Candidates Are Confirmed by the H3K4me3 Activation Mark and Protein Localization in Mouse
Subsequently, we characterized the epigenetic activation mark (H3K4me3), the mRNA level and transcript architecture, and the testicular protein localization pattern of six candidate genes in the mouse possibly involved in gene regulation, sex body formation, and RNA processing. Loci were manually selected based on their mRNA/protein patterns, testis specificity, and/or network interactions. We emphasize that all commercially available antibodies used were certified for IHC/IF experiments using human and/or mouse samples by the supplier and the HPA. The HPA carries out extensive tests PETIT ET AL. before a reagent is validated and used for IHC/IF experiments (for more details, see www.proteinatlas.org/about/ qualityþscoring) [12] . Moreover, we include here only those cases for which the mRNA signals in mouse and human and the human protein detection patterns at least partially confirm each other. This approach minimizes the risk of errors due to antibodies binding to proteins other than the intended targets in the mouse.
Fam71b is interesting because it encodes a protein that interacts with FRG1, which is possibly involved in RNA processing in the germline [43] . Frg1 bears a strong testicular H3K4me3 mark and is expressed in male germ cells (Supplemental Fig. S1 ). We found Fam71b mRNA levels in germ cells (determined by GeneChips) to be highly reproducible between human and mouse (Fig. 1) . A testicular ChIP-Seq experiment showed that the entire mouse locus bears the H3K4me3 mark associated with gene activation, and RNA-Seq data confirmed that the mouse mRNA peaks in round spermatids and elongated spermatids (Figs. 2 and 6A ). RT-PCR assays revealed Fam71b mRNAs in enriched adult spermatocytes and spermatids but not in GC1 and GC2 cell lines derived from immortalized germ cells (Fig. 6B) . This indicates that the Fam71b promoter requires signals present only in bona fide germ cells or that the mRNA is unstable in cell lines. We obtained no signals in isolated heart, muscle, lung, and gonad samples from an embryo at Day 12.5 (E12.5), but we observed a faint band in stomach tissue (Fig. 6B) . Human FAM71B protein is present in testicular extracts, and the protein localizes to round spermatids and elongated spermatids (Figs. 3 and 4) . We complemented this data set with an IHC assay using adult mouse testicular sections and found strong staining of elongated spermatids (Fig. 6C ) and a weaker signal in Leydig cell nuclei, but no equivalent signals in adult brain, kidney, liver, and muscle controls and in an E12.5 embryo (Fig. 6, D and E) . We conclude that RNA profiles and IHC protein localization patterns are similar for human and mouse FAM71B.
1700019N19Rik was selected because it interacts with CCNB1IP1 and TEX11, two proteins important for RNA processing in the germline [44] [45] [46] . We found that 1700019N19Rik is expressed in pachytene spermatocytes, round spermatids, and elongated spermatids. A strong H3K4me3 signal and RNA-Seq data confirmed the current exon annotation but appeared to show two additional exons in the gene's 5 0 region and a hugely extended 3 0 untranslated region (UTR) (Fig. 7A) . RT-PCR data validated highthroughput signals in adult germ cells, and we also found a weak signal in GC2 cells (derived from spermatocytes) and GC1 cells (derived from spermatogonia). The signal in GC1/2 cells includes an additional slow-migrating band; we obtained a similar result with embryonic muscle and lung samples (Fig.  7B) . RNA data and protein profiling information for human C10orf82 published in the HPA do not confirm each other because the mRNA is found only in male post-meiotic germ cells (Figs. 1, 2, and 7A) , whereas the protein is absent in seminiferous tubules but present in at least 26 somatic cell Figure  6A . B) RT-PCR data are shown as in Figure 6B . C) The protein sequences of three human C10orf82 isoforms (iso1-3) are aligned. The epitope recognized by the polyclonal HPA antibody we used is shown in red. D) IF data using testicular sections from adult males (Mus musculus; age, 30 days) to reveal DNA (DAPI) and the protein (1700019N19Rik) are shown as in Figure 6C . A white rectangle marks a magnified and color-enhanced region shown to the right. The rightmost panel is split into the marked region, which was enlarged and color-enhanced, and the negative control (no antibody). E) IF patterns focusing on round spermatids and elongated spermatids. F) IF data from four somatic controls. G) IF data for the human protein on human testis. A white rectangle marks a magnified and colorenhanced region shown in the rightmost panel. Bar ¼ 50 lm. (Fig. 4) (see also www. proteinatlas.org). To address this issue, we employed an antibody recognizing human C10orf82 to analyze mouse testicular sections (the epitope present in three isoforms is shown in Fig. 7C) . We detected the protein by IF in the cytoplasm of spermatocytes and the nuclei of round spermatids and elongated spermatids (Fig. 7, D and E) but not in adult somatic brain, kidney, liver, and muscle controls (Fig.  7F) . In mouse testis, we also observed cytoplasmic staining of peritubular cells and cytoplasmic staining of interstitial Leydig cells, in keeping with the HPA's IHC data. One clear difference between testicular tissue from mouse and human is the strong signal we found only in mouse spermatids. We therefore carried out an IF assay of C10orf82 in human testis and observed strong signals in peritubular cells and Leydig cells, confirming the HPA's IHC data; weak signals were found in the cytoplasm of spermatocytes, consistent with our observations in mouse (Fig. 7G ). We were, however, unable to detect the protein in human spermatids, which might be due to the expression of an isoform that is folded differently or that entirely lacks the epitope bound by the antibody (Fig. 7C) . The corollary is that data on the transcript levels and protein localization are tightly correlated in mouse testis.
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Next, we selected Zfp597 because it encodes a Krüppel C2H2-type zinc-finger protein possibly involved in transcriptional regulation; the mouse transcript is expressed from a complex locus via alternative exon usage [47] . GeneChip data confirmed that mouse Zfp597 encodes different isoforms, which peak either in the germline or in somatic cells, including brain, kidney, liver, and muscle (see www.germonline.org) [7, 8] . ChIP-Seq data revealed the expected peak in H3K4me3 signals at the mouse gene's 5 0 region. Interestingly, RNA-Seq revealed that Zfp597 expresses a postmeiotic isoform with an extended 5 0 UTR in round and elongated spermatids, whereas expression of its extensive 3 0 UTR appears to diminish at the same time (Fig. 8A ). An RT-PCR analysis using a primer pair located within the extreme 3 0 end of the third exon yielded signals in all embryonic and adult samples (Fig. 8B) . These results are confirmed by data available via Genevestigator showing that mouse Zfp597 is expressed in embryonic tissue (www.genevestigator.com) [48] . Because flexible 5 0 UTRs are known to affect protein translation, we reasoned that ZFP597 might be regulated at the posttranslational level [49] [50] [51] . We therefore monitored the protein by IF using histological sections and found signals only in elongated spermatids but not in brain, kidney, liver, and muscle (Fig. 8, C and D) . The mRNA/protein patterns are thus similar in testis from human (Figs. 1-3) and testis from mouse.
Foxr1 was further studied because it belongs to the forkhead-box family of DNA-binding proteins involved in development, somatic cancer, and reproduction [52, 53] . ChIPSeq signals for the H3K4me3 activation mark confirm testicular gene activation, whereas GeneChip and RNA-Seq data show that the mRNA peaks in spermatogonia at different stages of development and leptotene spermatocytes (Figs. 1, 2,  and 9A ). An RT-PCR assay confirmed this pattern in adult germ cells but also revealed a faint signal in embryonic gonads (Fig. 9B) . The protein is detected by mass spectrometry in adult testis and in the retina, and it also appears to be present in fetal gut and fetal liver (Fig. 3) [11] . To learn more about FOXR1's cellular localization, we performed an IF assay and found that the protein is detectable in the cytoplasm of spermatocytes and strongly accumulates at the perinuclear region in elongated spermatids, whereas no signal was observed in adult brain, kidney, liver, and muscle controls (Fig. 9, C and D) . Because the HPA currently does not cover FOXR1, we analyzed human testicular sections and found that the staining pattern in the mouse is partially confirmed in spermatocytes (Fig. 9E) . Taken together, the results show that mammalian Foxr1 is predominantly transcribed in mitotic spermatogonia and meiotic spermatocytes but that the mouse protein peaks in postmeiotic elongated spermatids.
Hmgb4 is an interesting candidate because it shows an extremely conserved and highly specific pattern of induction in the male germline, and it was proposed to be important for gene regulation in spermatogenesis [54] . We first examined the testicular profile and the exon composition of Hmgb4's mRNA using RNA-Seq data and found the transcript to be specifically and strongly expressed in round spermatids and elongated spermatids. We observed an as-yet-unannotated transcript just upstream of Hmgb4's currently annotated single exon and found that the entire locus and 5 0 upstream region including the new transcript is covered by the H3K4me3 mark (Fig. 10A) . RT-PCR data showed strong signals in adult germ cells and extremely weak signals in GC1 and GC2 cells as well as embryonic gonads and the muscle sample (Fig. 10B) . We verified the HMGB4's subcellular localization pattern and found the protein to be in a spot in the nuclei of spermatocytes, in the nuclei of round spermatids, and in elongated spermatids (Fig. 10C) , which confirms and extends previous observations [54] . As expected, no signals were obtained on sections from adult brain, kidney, liver, and skeletal muscle samples (Fig. 10D) . We next sought to further study HMGB4's localization in meiotic germ cells. To this end, chromosomal spreads from spermatocytes at meiotic prophase I were stained with antibodies against SCP3, a structural component of the synaptonemal complex, and HMGB4. We found that the protein begins to accumulate during the leptotene stage, before its concentration increases further during the pachytene and diplotene stages, where it localizes to the sex body (Fig. 10E) . Taken together, the results reveal conserved mRNA/protein patterns in human and mouse testis and an as-yet-unknown interaction of HMGB4 with the sex chromosomes.
Finally, we further characterized Sox30, which encodes a DNA-binding transcription factor previously proposed to play an important role in spermatogenesis on the basis of its mRNA profile [55] . Testicular Sox30 induction coincides with peak H3k4me3 signals, and via RNA-Seq, we found that the gene is expressed very weakly in Sertoli cells, whereas its transcript strongly accumulates as germ cells progress through meiosis and postmeiotic stages. We also observed that spermatids express an extended 5 0 UTR (Fig. 11A) . RT-PCR data showed that Sox30 is strongly induced in enriched germ cells but undetectable in GC1 and GC2 cell lines (Fig.  11B) . RNA concentrations and protein levels correspond to each other because we found the protein in the cytoplasm of adult spermatocytes and the nuclei of round spermatids, which resembles the pattern detected for the human protein by the HPA (Fig. 11C) . We observed intense cytoplasmic signals in the brain and strong signals in the cytoplasm and nuclei of epithelial cells in the uterus (Fig. 11, D and E) ; the biological relevance of cytoplasmic signals is unclear, however, because the protein a priori is a nuclear DNA-binding regulator. As expected, SOX30 was not detected in kidney, liver, and muscle controls (Fig. 11F) . In summary, Sox30 is similarly transcribed and translated in the human and mouse adult male germline (Figs. 1-3 ) and thus clearly associated with spermatogenesis.
PETIT ET AL. Figure 6A . The color code is red for Sertoli cells (Sertoli); shades of blue primitive spermatogonia, type A spermatogonia, and type B spermatogonia (primSG, SGA, and SGB, respectively); orange for leptotene spermatocytes (lepSC); brown for pachytene spermatocytes (pachySC); and shades of green for round spermatids and elongated spermatids (rST and eST, respectively). A red bar marks the 5 0 UTR extension observed in postmeiotic germ cells. B) RT-PCR data are shown as in Figure 6B for two isoforms as indicated at the bottom. C) IF data using testicular sections from adult males (Mus musculus; age, 30 days) and an antibody (ZFP597). DNA is stained with DAPI. A control in which the primary antibody was omitted is shown (no antibody). D) IHC data for somatic controls. Bar ¼ 50 lm. 
DISCUSSION
Conserved Cross-Species RNA and Protein Expression Patterns Provide Clues for Gene Function
Combining information on RNAs, proteins, and networks marks out genes such as Rnf168, Dmrtb1/Dmrt6, Znf165, and Sox30 as important for spermatogenesis because of their conserved testicular expression patterns across species and their positions as hub proteins. Our candidates were initially selected because, among other criteria, no phenotypic information was available in the major databases, neXtProt and the Mouse Genome Database [56, 57] . A detailed query of the scientific literature in PubMed, however, revealed that Rnf168 actually is important for spermatogenesis, but this information was not included into the gene's annotation [38, 58] . Additionally, in the course of our study, C16orf73, for which human and mouse expression data suggested a role in spermatocytes or spermatids, was renamed MEIOB because the mouse homolog was found to be essential for meiotic recombination [59, 60] . Furthermore, DMRTB1/Dmrt6 was reported to be critical for the transition between mitosis and meiosis in the mouse germline [61] . These recent examples join the growing number of genes showing corresponding germlinespecific mRNA/protein patterns conserved across rodents and human, among loci important for mammalian fertility [5, 62] . The corollary is that tightly correlated mRNA/protein expression patterns are typically a good indicator of an important gene function in a given tissue, but some pitfalls remain. For example, a recent report by members of the IMPC consortium has, unsurprisingly, underlined that genes with paralogs tend not to be essential [27] . Indeed, a group that recently failed to detect a phenotype in mice lacking functional receptor kinase STK31 has explained the result by invoking genetic redundancy [63, 64] .
IMPC Gene Deletion Pipeline
Ongoing work by the IMPC will generate mouse genedeletion models and initial information on phenotypes for most of their mouse orthologs via classical gene-deletion experiments or cell type-specific deletions using the Cre-Lox system. In the near future, the consortium may well harness the new CRISPR/Cas9 method for fast and cost-effective gene deletion studies [65, 66] . However, deleting thousands of mouse genes will remain a complex and time-consuming task.
The IMPC currently plans to analyze 59 of 74 mouse orthologs among the human target loci; our data indicate that the remaining 15 genes are worthwhile targets as well. The consortium recently reported via its database a homeostasis/ metabolism phenotype in males and females lacking 1700003F12Rik (mousephenotype.org/data/genes/ MGI:1922730). Because this result was obtained with a straightforward fertility assay (www.mousephenotype.org/ impress/protocol/105/7), it seems justified to further explore the mutant's testicular architecture and physiological parameters, such as the levels of sex hormones. In addition, 58 loci scheduled for the generation of transgenic mice are at early stages of embryonic stem cell production in progress (6 loci), mouse production planned (35 loci), or mouse production in progress (11 loci). Transgenic mice have already been generated for Fam209 (C20orf107), Sox30, Spata33, Stk31, 1700003F12Rik (C20orf144), and 4930505A04Rik (C2orf73). It should therefore be possible to determine their reproductive phenotypes in great detail (apart from Stk31 [63, 64] ) once homozygous mutant strains become available in the not-toodistant future.
Using Correlated mRNA/Protein Patterns to Infer Function in the Mouse Male Germline FAM71B is a striking example of a case where testicular mRNA peak signals and protein detection profiles are correlated in human tissue. Given that FAM71B interacts with FRG1, a protein involved in transcript processing, we speculate that FAM71B is playing a role in RNA modification during spermiogenesis [67] . Our results show that mRNA and protein patterns are also highly correlated in mouse germ cells. The observed staining of interstitial Leydig cells was unexpected because we were unable to detect the mRNA in testicular biopsies from infertile patients lacking most or all types of germ cells [7] and in purified Leydig cells from rat and human (F. Chalmel, M. Primig, and B. Jégou, unpublished results). It is conceivable, however, that the transcript is present in Leydig cells only at a very low level or that it is degraded very efficiently when Leydig cells are purified.
The function of 1700019N19Rik/C10orf82 is unknown, but it interacts with two proteins involved in meiotic recombination [44, 46] . Our results in mouse testis are in keeping with a role for the protein during or after this process. IHC data from the HPA and our IF assay on a human testicular section do not confirm RNA profiling measurements that yield a peak in human spermatids because, contrary to the mouse protein, we have not detected human C10orf82 in postmeiotic germ cells. We cannot rule out that the human protein accumulates at a stage not included in our testicular sections (and those analyzed by the HPA) or that C10orf82 is unstable in spermatids. Alternatively, it is possible that an mRNA isoform expressed in postmeiotic germ cells lacks the exon, which covers the peptide against which the antibody was raised. It is known that C10orf82 encodes at least four splice variants, including two that retain an intron and are predicted to yield no protein product (www.ensembl.org) [68] . The neXtProt data for human proteins provides data for three protein variants, whereby isoforms 1 and 2 contain the complete epitope (www.nextprot. org) [56] . Isoform 2 may not fold up the same way as the longer protein, which may mask the epitope, and isoform 3 lacks the antibody-binding site altogether. Indeed, the mouse ortholog encodes two isoforms that appear to differ only in the first exon and the 3 0 UTR (www.ensembl.org). Zfp597, the ortholog of human ZNF597, is a mouse locus that expresses two isoforms using alternative 5 0 exons. The Hit4 isoform was shown to be important for embryonic development in a homozygous mutant and brain formation in a heterozygous mutant [47] . It is noteworthy that round spermatids and elongated spermatids transcribe an mRNA with an extended 5 0 UTR. Because such a phenomenon has been implicated in translational control, our analysis points to a possible posttranscriptional mechanism regulating ZFP597 in the male germline [69, 70] . We report data for RNA and the mouse ZFP597 protein that are consistent with the idea of postmeiotic germ cells expressing a testicular isoform important for gene regulation or chromatin organization during spermiogenesis.
Foxr1 encodes a putative transcription factor that belongs to a conserved family of regulators involved in chromatin remodeling, including some that are important for reproduction. For example, Foxo1 is required for spermatogonial stem cells, and Foxl2 is involved in ovarian development [71] [72] [73] (for review, see [74] ). In humans, FOXR1 fusion genes are known to act as oncogenes, which repress loci activated by FOXO regulators [52] . Our data reveal a posttranscriptional mechanism of regulation for Foxr1 in the mouse male germline because the protein first appears in the cytoplasm in meiotic IDENTIFYING GENES EXPRESSED IN SPERMATOGENESIS germ cells and later accumulates in the perinuclear region of postmeiotic elongated spermatids. The weaker staining pattern in human samples might be a consequence of suboptimal tissue preparation due to the constraints that limit the recovery and processing of human testicular samples. Given the known roles of Forkhead box proteins and the correlated mRNA/protein patterns we observe across species, we propose that FOXR1 plays a role in spermiogenesis. Alternatively, the protein could also exert a function during early stages of embryonic development after fertilization as part of the sperm proteome delivered to the egg. Such a function was proposed for the transcription factor Stat4, which is present in the perinuclear theca of spermatozoa [75] . In this context, we note that almost 6200 proteins are known to be present in sperm, including, for example, human FAM71B and SOX30 [76] (for review, see [77] ).
Hmgb4 is a member of a family of high-mobility group proteins known to interact with chromatin. The gene is a paralog of Hmbg1, Hmbg2, and Hmbg3, but it is distinguished by lacking a C-terminal stretch of acidic amino acids [78, 79] . Interestingly, the protein binds DNA modified by cisplatin, thereby preventing DNA damage-response enzymes from repairing the lesions, which explains why testicular tumors are hypersensitive to cisplatin-based chemotherapy [80] . Hmgb4 in the mouse was proposed to be important for spermiogenesis because of its presence in spermatocytes and spermatids [54] . We confirm and extend this previous report by assembling new, large-scale RNA and protein profiling data with our own histological analysis. Importantly, based on our IF data with spread nuclei from spermatocytes at different stages of meiotic prophase I, we propose that HMGB4 plays an as-yet-unanticipated role in the chromatin organization of X and Y chromosomes.
Sox30 belongs to the large family of DNA-binding SRYbox regulators, many of which are involved in developmental processes and diseases [55, 80] . The gene is under epigenetic control and strongly induced in male germ cells and oocytes [7, 8, [81] [82] [83] . SOX30 is a hub protein that binds at least 13 proteins, including two that are essential for spermatogenesis (BRCA1 [84] and PAXIP1/PTIP [85] ) and two that are expressed in testis (BAMBI [86] and C6orf165/ 1700003M02Rik [7, 8] ). We note that Sox30 is also expressed in the developing mouse pancreas, and fly data, together with our results in the mouse, hint at a possible function for Sox30 during embryogenesis and in adult neuronal tissue (Fig. 11, B and D) [87, 88] . However, because we observe cytoplasmic signal in brain cells and the adult uterus, the protein would have to fulfill a novel role unrelated to DNA bindingdependent gene activation (Fig. 11, D and E) . Very recent work shows that human SOX30 acts as a tumor suppressor gene in lung cancer and directly activates the major cell-cycle regulator TP53 (p53) [89] . The p53 protein belongs to a family of three DNA-binding transcription factors that have been implicated in tumor suppression and fertility in males and females [90] [91] [92] . This raises the intriguing possibility that SOX30 may participate in the transcriptional activation of TP53 during meiotic and postmeiotic stages of mammalian male germline development.
A combined, large-scale RNA-Seq transcript profiling and IHC protein profiling study identified more than 1000 proteins enriched in testis, revealing this organ as expressing the largest set of tissue-restricted proteins [93] . The present study specifically targeted genes conserved between rodents and primates, which also show similar testicular mRNA and protein expression profiles, suggesting potential roles in sexual reproduction. These data will accelerate the pace at which genes important for spermatogenesis are discovered and might thus help us to gain insight regarding the molecular cause underlying certain cases of unexplained male infertility.
